Introduction
Locked plating of displaced proximal humeral fractures (PHF) poses a serious challenge to orthopedic trauma surgeons. The biologic circumstances of the mainly older patient population with osteoporotic bone stock make screw anchorage difficult [1] [2] [3] . The unique mechanical setting with the humeral head articulating surface being loaded against the screw tips and the rotator cuff pulling in an antero-and posteromedial direction demands for a fracture fixation with immediate stability [4, 5] . However, the ideal implant characteristics should make the construct flexible enough to unload the bone implant interface but rigid enough to minimize fracture movements [6] .
Despite identification of several potential risk factors for fixation failure and regardless of the continuous development of implants with improved plate and screw design, the complication rate associated with locked plating of PHF is still high [2, 7, 8] . Especially in fragility fractures of the older population, loss of reduction with secondary articular screw perforation and varus displacement with loss of fixation can still be observed in up to 20% of cases within the first 12 months postoperatively [9, 10] .
Humeral head screw augmentation with polymethyl methacrylate (PMMA) trauma cement has been shown to enhance screw anchorage and to thereby increase the primary stability of locked plating of displaced PHF in several biomechanical studies [11] [12] [13] [14] . The primary goal of this study was to evaluate whether these in vitro findings can be translated into daily clinical routine without additional complications compared with conventional locked plating without additional trauma cement augmentation. The secondary goal was to compare functional outcomes and complication rates between locked plating of PHF with cement augmentation versus without cement augmentation of humeral head screws. We hypothesized that locked plating of PHF with additional cement augmentation of humeral head screws can be used in clinical practice without additional complications and that early implant-related complications can be reduced compared with locked plating without additional cement augmentation of humeral head screws. Preoperative patient-specific data such as age, gender, affected side, preexisting diseases and medications, as well as concomitant fractures were noted. The PHF were preoperatively classified according the Codman segment theory and the classification suggested by Resch et al. [15, 16] . The neck-shaft angle (NSA) was measured on a standardized true anteroposterior (AP) view on the second day after surgery [17] . X-rays were further analyzed for primary screw perforation, for displaced fragments, and for the quality of reduction according to Marc Schnetzke et al. [8, 18] . Failure was defined as a "malreduced" situation according to Schnetzke et al. [8] .
Methods

Between
Titanium plating with cement augmentation of humeral head screws
The PHILOS plate (DePuy Synthes ® ) is made of titanium alloy. The shaft was fixed with three 3.5-mm screws in all cases. The number of 3.5-mm humeral head screws used ranged from 5 to 9 (on average, 7). An average of three cannulated humeral head screws (range, 2-5) were augmented with 0.5-1 ml of trauma cement (PMMA). The lengths of the humeral head screws were selected so that their tips extended to the subchondral surface of the humeral head without penetration of the articular surface. The surgeries were performed according to the manufacturer's instructions and guidelines via the deltopectoral approach by five different orthopedic surgeons, all familiar with PHF treatment. If the fracture involved the bicipial groove, an epiosseous soft-tissue tenodesis of the long head of the biceps tendon was performed. The arm was put in a sling for comfort only for the first week postoperatively. Free passive and active range of motion was allowed immediately after surgery without weight-bearing for 6 weeks.
Functional and radiological follow-up
Patients were followed up clinically and radiologically at 3 months postoperatively and again clinically at 12 months postoperatively. At the 3-month followup, patients had radiographs in two planes (true AP and axial) unless previous radiographs had demonstrated fracture consolidation. The NSA was measured again [17] . Furthermore, both radiographic planes were evaluated for: 1. Screw perforation 2. Loss of fixation 3. Fragment displacement 4. Bony fracture consolidation 5. Avascular necrosis of the humeral head and/or the tuberosities 6. Implant loosening.
The clinical examination at the 3-month and 12-month follow-up included assessment of the active range of shoulder motion, the Constant score as well as the age-and gender adjusted Constant score of both the affected and nonaffected shoulders [19] . In addition, the Simple Shoulder Test (SST) [20] , the Simple Shoulder Value (SSV) [21] , and the average pain measured with the Visual Analog Scale (VAS) of the affected shoulder were assessed. Furthermore, all complications and reoperations were evaluated and noted.
Patients with conventional titanium locked plating
A case-control cohort of 24 patients (two male, 22 female; mean age, 73.9 ± 9.4 years) treated with a conventional titanium locking plate was used to compare the Constant score and the complication rates with the results of the patients treated with additional cement augmentation of humeral head screws. These 24 patients derived from a historic retrospective cohort of 74 patients (54 females, 20 males; mean age, 73 years) treated with the PHILOS PHF plate. The best match with regard to gender, age, affected side, and fracture complexity according to Codman's segment theory was sought. The investigator who matched 24 patients of the historic PHILOS group without additional cement augmentation was blinded to functional outcomes, complications, and reoperations. Apart from cement augmentation of humeral head screws, the operative technique and the postoperative rehabilitation protocol were identical to those of patients with locked plating and additional cement augmentation.
Statistical analysis
All data was analyzed by means of descriptive statistics. Normal distribution was tested with the Kolmogorov-Smirnoff test and could not be assumed. The results of two different follow-up time points within the same group were compared with the use of the Wilcoxon matched-pair test. The results of the different groups (augmented PHILOS versus conventional PHILOS) were compared with the Mann-Whitney U test. The significance level was set at p < 0.05. The chi-square test was used to investigate any associations between the type of fixation used and the likelihood of early loss of reduction and screw perforation within the first 6 months postoperative. To overcome grouping bias, the like-Abstract Background. Cement augmentation (CA) of humeral head screws in locked plating of proximal humeral fractures (PHF) was found to be biomechanically beneficial. However, clinical outcomes of this treatment have not been well evaluated to date. Objectives. To assess outcomes of locked plating of PHF with additional CA and to compare them with outcomes of conventional locked plating without CA. Methods. 24 patients (mean age, 74.2 ± 10.1 years; 22 female) with displaced PHF were prospectively enrolled and treated with locked plating and additional CA. The Constant score (CS), the Simple Shoulder Test (SST), and the Simple Shoulder Value (SSV) were assessed 3 and 12 months postoperatively. Fracture healing and potential complications were evaluated on postoperative radiographs. The CS and complications were compared with the outcomes of a matched group of 24 patients (mean age, 73.9 ± 9.4 years; 22 female) with locked plating of displaced PHF without CA. Results. At the 3-month follow-up, the mean CS was 59.9 ± 15.6 points, the mean SST was 7.5 ± 2.7 points, and the mean SSV was 63.9 ± 21.7%. All scores significantly improved by the 12-month follow-up (p < 0.05; CS, 72.9 ± 17.7; SST, 9.2 ± 3.2; SSV, 77.2 ± 17.3%). There were two cases (8%) of biological complications (n = 1 varus malunion and n = 1 humeral head necrosis). Compared with locked plating without CA, no significant differences were observed between the CS at the 3-(57.8 ± 13.4 points; p = 0.62) and 12-month (73.0 ± 12.8 points; p = 0.99) follow-up. However, patients without CA had a significantly increased risk of early loss of reduction and articular screw perforation (p = 0.037). Conclusion. Locked plating of proximal humeral fractures with trauma cement augmentation of humeral head screws could be translated from the ex-vivo lab setting into the clinical situation without additional complications. Locked plating of displaced PHF with additional cement augmentation showed similar clinical outcomes but reduced the rate of early implant-related complications compared to locked plating without additional CA. 
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Results
Ten patients were excluded from the study: two patients died before final follow-up due to non-fracture-related comorbidities, six patients refused to participate, and two patients had preexisting neurologic diseases with impairment of the upper extremity. Of the remaining 29 patients, five were lost to follow-up and 24 patients (22 female, two male) with a mean age of 74.2 ± 10.3 years (range, 52-96 years) participated in final follow-up (83%).
All 24 patients (100%) were available for the 3-month follow-up as well as for the 12-month examination. Three of the 24 patients had a two-part fracture, 17 patients had a three-part, and four patients had a four-part fracture according to the Codman segment theory [15] . The fractures were classified as varus-displaced in 14 and as valgus-displaced fractures in ten cases according to Resch et al. [16] . The NSA averaged 135.3 ± 6.3°on the second postoperative day and no primary screw perforation, fragment displacement, or implant failure was seen. According to Schnetzke et al., the reduction was anatomical or acceptable in all cases [8] .
Radiological follow-up
Radiological follow-up at a mean of 3.3 months postoperatively revealed no secondary screw perforation and there was no case of secondary fragment displacement or loss of fixation (. Figs. 1, 2,  and 3) . According to Schnetzke et al., the reduction was anatomical or acceptable in all cases without changes to a situation defined as malreduced compared with the situation on the second day after surgery. The NSA averaged 131. 1 ± 8.4°a t the time of the radiological follow-up, with the average loss of reduction being 4.6 ± 7.2°.
Clinical follow-up
All functional outcomes improved from the 3-month to the 12-month followup (. Table 1 ). At 3-months postoperatively, no neurovascular complications or infections were observed. Six out of 24 patients (25%) had an early arthroscopic revision surgery with arthrolysis, biceps tenotomy, and arthroscopically assisted implant removal between 3 and 5 months after the initial facture fixation. Intraoperative inspection of the humeral head articulating surface confirmed no articular screw perforation. The revision surgeries were performed in patients with high functional expectations but limited postoperative range of motion. At 12 months postoperatively, the average age-and gender-related Constant score was rated excellent with 100 ± 28.6%, the average SST was 9.2 ± 3.3 out of 12 possible points (. Table 1 ). At the final 12-month follow-up, two patients (8%) had major biological complications. One patient suffered from varus nonunion due to a large defect zone in the subcapital calcar region. Another patient sustained an avascular necrosis of the humeral head with collapse of the articulating surface.
No implant-related complications were observed. 
Comparison with conventional locked plating without cement augmentation
The gender of the 24 patients treated with the conventional PHILOS plate without trauma cement augmentation matched in all cases. Age differed by 1-7 years in 18 patients without significant difference between the mean age of both groups (augmented PHILOS, 74.2 ± 10.3 years; conventional PHILOS, 73.7 ± 9.7 years; p = 0.925). The affected side differed in four patients, one patient in the conventional PHILOS group had a less complex two-part fracture instead of a threepart fracture, and one patient in the conventional PHILOS group had a more complex four-part fracture instead of a three-part fracture compared with the cement-augmented PHILOS group. Results were available for all 24 patients (100%) in the matched conventional PHILOS cohort at the 3-month and 12-month follow-up. No significant differences were observed between functional outcomes in both groups after 3 months and after 12 months (p > 0.05; . Table 2) . Within the first 6 months postoperatively, four patients in the conventional PHILOS group had suffered one or more screw perforations in the context of varus loss of reduction, whereas no such complication was observed within the first 6 months postoperatively in the cement-augmented PHILOS group. Patients treated with the conventional PHILOS plate without cement augmentation of humeral head screws were significantly more likely to suffer from early loss of reduction with articular screw perforations than were patients treated with cement augmentation of the humeral head screws (p = 0.037). The likelihood of early loss of reduction and articular screw perforation of the entire historic cohort (n = 19 out of 74) was also statistically significantly higher when compared with the group of patients with locked plating and additional cement augmentation (n = 0 out of 24; p = 0.006).
Discussion
The most important finding of this study was that locked plating of PHF with trauma cement augmentation of humeral head screws can be translated from the ex vivo lab setting into the clinical situation without additional complications when compared with conventional locked plating. Furthermore, the additional use of cement augmentation of the humeral head screws significantly reduced the rate of early implant-related complications.
Locked plating is commonly used for the treatment of displaced PHF. However, owing to the mainly osteoporotic bone structure of the affected older patient population and the associated difficult screw anchorage, complication rates are still high. Common complications are primary and secondary screw perforation of the articular surface and varus loss of reduction. Cement augmentation by filling bony voids in the humeral head to improve the humeral head stability has been used for years; however, this procedure seems most applicable to the less common valgus-impacted PHF [22] .
In 2012, Unger et al. presented the results of a cadaveric study in which the biomechanical properties of PHF fixation with conventional locked plating was compared with locked plating with additional cement augmentation of the humeral head screws [11] . The authors observed significantly more cycles to failure with cement-augmented humeral head screws compared with conventional, nonaugmented screws. Furthermore, failure load did correlate with the humeral head bone mineral density (BMD) in patients without cement augmentation, but not when cement augmentation of the humeral head screws was used. The improved stability of PHF fixation with cement augmentation of humeral head screws was confirmed by subsequent biomechanical studies. Röderer et al. showed that the screw augmentation could compensate for a low BMD, and Kathrein et al. found decreased per cycle motion and decreased varus impaction when humeral head screw tips were augmented with trauma cement [12, 13] . Since hardening of the cement is accompanied by an exothermic reaction, Blazejak et al. investigated whether heat development during augmentation may set the subchondral bone and the chondral surface at risk for necrosis and apoptosis [23] . Augmentation of the proximal screws of the PHILOS plate with PMMA led to a locally limited development of supraphysiological temperatures in the cement cloud and closely around it. The critical threshold value for necrosis and apoptosis of cartilage and subchondral bone reported in the literature, however, was not reached. Beside concerns with the thermic reaction, the question was raised of whether implants could still be removed even if cement augmentation was used. Goetzen et al. showed that screw removal was possible without any problems despite cement augmentation [24] . This was clinically confirmed in this study, since implant removal was performed without problems in six patients with cement-augmented humeral screws. In a more recent biomechanical study, Schliemann et al. reported that augmentation of anterior humeral head screws reduced the motion at the bone-implant interface [14] .
The presented outcomes of this case series of patients treated with cementaugmented proximal humeral locked plating support the biomechanical findings in preceding studies. Compared with locked plating of PHF without cement augmentation of humeral head screws, significantly fewer screw perforations of the humeral head articulating surface were observed. Moreover, no additional cement-related complications were noted.
The raised awareness of concomitant glenohumeral pathologies and the knowledge of significant functional improvement after early elective arthroscopic revision surgery have led to an increased indication for this procedure, which is reflected by the 25% rate of planned, elective arthroscopies in the postoperative course [25] .
Nonunion and avascular necrosis of the humeral head that were observed in two patients after locked plating with cement augmented humeral head screws are biologic complications that are related to the humeral head anatomy and blood supply and not necessarily to the type of humeral head fixation. Both types of biologic complications have been found with an incidence of up to 10% within the first 12 months postoperatively after locked plating without additional cement augmentation and should therefore be viewed as nonimplant-related complications [26, 27] . Furthermore, both types of complications have been described in the Boileau classification of so-called fracture sequelae and can be observed after operative as well as nonoperative treatment of PHF [28, 29] .
Limitations
There are several limitations that must be considered when interpreting the presented findings. First, the retrospective study design with a matched group comparison of a historic patient group has inherent bias. Second, no measurement of bone quality was available or reliably feasible in a retrospective fashion. Third, it was not evaluated whether fixation failures, on one hand, and early arthroscopic revision surgeries, on the other hand, had an impact on the final clinical outcome. Future investigations with prospective randomized comparisons of both fracture fixation techniques and with evaluation of the influence of bone quality are warranted.
Conclusion
Locked plating of PHF with trauma cement augmentation of humeral head screws was translated from the ex vivo lab setting into the clinical situation without additional complications. Locked plating of displaced PHF with additional cement augmentation showed similar clinical outcomes but reduced the rate of early implant-related complications compared with locked plating without additional cement augmentation.
